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Gravitational wave bursters are sources which emit repeatedly bursts of gravitational waves, and
have been recently suggested as potentially interesting candidates for gravitational wave (GW)
detectors. Mechanisms that could give rise to a GW burster can be found for instance in highly
magnetized neutron stars (the “magnetars” which explain the phenomenon of soft gamma repeaters),
in accreting neutron stars and in hybrid stars with a quark core. We point out that these sources
have very distinctive experimental signatures. In particular, as already observed in the γ-ray bursts
from soft gamma repeaters, the energy spectrum of the events is a power-law, dN ∼ E−γdE with
γ ≃ 1.6, and they have a distribution of waiting times (the times between one outburst and the next)
significantly different from the distribution of uncorrelated events. We discuss possible detection
strategies that could be used to search for these events in existing gravitational wave detectors.
Introduction. Astrophysical sources of GWs are tradi-
tionally divided into continuous and burst sources. Con-
tinuous sources include, e.g. spinning neutron stars (NS)
or inspiraling binaries, and have a very long duration.
GW bursts, instead, are due to cataclysmic events and
can have a typical duration of the order of few millisec-
onds, as for instance in supernova explosions or in the
merging phase of a binary NS-NS system. In GW de-
tectors, these two classes of events are therefore searched
using very different data analysis strategies.
It is normally assumed that a detectable GW burst
must result from a catastrophic event that disrupted the
original system. In fact, with the sensitivity of the GW
detectors that are presently taking data [1, 2], a GW
burst is detectable if it originates from a process that, in
order of magnitude, liberated in GWs an energy
Egw ∼ (10
−3 − 10−2)M⊙c
2 (r/8 kpc)2 , (1)
assuming a Fourier spectrum extending up to a maximum
frequency fmax ∼ 1 kHz and denoting by r the distance
to the source. As a reference value for r we have taken the
distance r ≃ 8 kpc to the galactic center. The emission
of 10−2M⊙ in a GW burst is expected in a supernova
explosion or in the coalescence of a NS-NS binary so it is
clear that such a huge energy release can only be obtained
in a catastrophic event that destroys the original system.
Smaller GW bursts, instead, could leave the source
in the condition of flaring again. In particular, in a
recent paper [3] it has been pointed out that in com-
pact stars there are various mechanisms that can pro-
duce repeated activity, with GW bursts at the level
Egw ≃ 10
−10 − 10−8M⊙c
2, and these mechanisms could
in fact be quite common. These “small” bursts could
turn out to be very interesting for detection for two
reasons. First, for sources at typical galactic distances
they could be detectable by advanced interferometers like
LIGO II. Second, catastrophic events like supernova ex-
plosions are very rare on the galactic scale, and therefore
to have an interesting rate we should be able to reach out
to distances of the order of the Virgo cluster. Instead,
the smaller burst activity could be a rather generic phe-
nomenon in compact stars. The closest observed neutron
stars are at less than 100 pc. Estimates from population
synthesis suggest that the NS closest to us is at a dis-
tance r ∼ 5 − 10 pc and that within a radius of about
100 pc there should be O(104) neutron stars [4]. Bursts
liberating 10−8M⊙, from sources at such close distances,
could be interesting even for present detectors.
As we will discuss in this paper, the fact that GW
bursts could come repeatedly from the same source opens
new perspectives for the detection strategies, since it al-
lows us to search for very distinctive correlations between
different events, both in energy and in the arrival times.
The physics of GW bursters. The mechanisms that
can produce a GW burster are generically associated to
a competition between an agent which induces stresses
in a compact star, and some form of rigidity of the star
itself. When the stresses mount over a critical value, the
star yields to these forces and readjusts itself through a
starquake. This releases temporarily the stresses, which
then mount again, resulting in further starquakes.
A very interesting example of this phenomenon is pro-
vided by magnetars, which are neutron stars with huge
magnetic fields, of order 1014 − 1015G [5, 6], i.e. 100 to
1000 times stronger than in ordinary pulsars. It is be-
lieved that magnetars provide an explanation for the phe-
nomenon of soft gamma repeaters (SGR), x-ray sources
with a persistent luminosity of order 1035 − 1036 erg/s,
that occasionally emit huge bursts of soft γ-rays, with
a power up to 1042 erg/s, for a duration of order 0.1 s.
The mechanism invoked to explain the burst activity is
that the magnetic field lines in magnetars drift through
the liquid interior of the NS, stressing the crust from be-
low and generating strong shear strains. For magnetic
fields stronger than about 1014 G, these stresses are so
large that they cause the breaking of the 1 km thick NS
crust, whose elastic energy is suddenly released in a large
starquake, which generates a burst of soft gamma rays.
As computed in Refs. [3, 7], the starquake can radiate in
GWs an energy Egw ∼ 10
−10− 10−9M⊙c
2. Occasionally
2SGRs emit truly giant flares, and in this case the esti-
mate for the energy radiated can be 10−8M⊙c
2 or even
larger [8].
Magnetars are just one example of GW bursters, and a
number of variants have been considered [3]. For instance
the trigger, rather than being provided by the magnetic
field, can be provided by accretion onto a NS: when a crit-
ical amount of material has been accreted from a compan-
ion, the rigid crust breaks and the star rearranges itself
to a new equilibrium configuration through a starquake.
This liberates 10−10− 10−9M⊙c
2 of energy, because this
is the maximum elastic energy that can be stored in the
crust before breaking [9, 10] and this energy can be con-
verted in GWs with high efficency. For a NS accreting
mass steadily from a companion, the process starts over
again, until a critical mass has again been accreted and
a new starquake takes place.
Another possibility considered in Ref. [3] is a phase
transition in the core of a hybrid quark-hadron star. In
this case, each time the pressure in the star interior rises
above a critical value, for instance because of accretion
of matter, a phase transition takes place, and transforms
successive layers of the star core from the hadronic to the
deconfined phase. A variant of this scheme uses as a trig-
ger of the quark-hadron phase transition the spin-down
of the NS, which causes a decreases of the centrifugal
force [11]. While the rigidity of the crust is determined by
the Coulomb interaction between nuclei, in the core the
relevant energy scale is determined by hadronic physics,
so corequakes could be a much more powerful source of
GWs than crustquakes (see also Ref. [12]).
Independently of the specific mechanisms, all these
models share the features of self-organized criticality,
which is characterized by the fact that an agent drives
the system toward a critical state, until the energy of
the system is suddenly, and often catastrophically, re-
leased. Typical members of this class are avalanches,
earthquakes, and solar flares (for a broad overview of self-
organized criticality, see Ref. [13]). Phenomena showing
self-organized criticality have a certain degree of univer-
sality, in the sense that their statistical properties are
largely independent of the details of the physical mech-
anisms involved. For this reason, it is possible to make
some predictions which are very general, even without a
knowledge of the details of the system. In the following
we concentrate on two aspects which could be partic-
ularly important for the detection of GW bursts from
these sources: the energy spectrum of the events and the
distribution of waiting times.
Energy spectrum. Phenomena related to self-organized
criticality lack an intrinsic energy scale, and for this rea-
son the number of events N(E) which release an energy
E has a power-law distribution
dN ∼ E−γdE . (2)
This has been verified experimentally for earthquakes,
where it is known as the Gutenberg-Richter law. Of
course any energy reservoir, like the Earth crust, can
store only a finite amount of energy, so eq. (2) holds only
up to a maximum cutoff energy, above which dN/dE falls
off exponentially. It is remarkable that the value of the
index γ from different seismically active regions is ap-
proximately the same, γ ≃ 1.6, with variation ±0.2 for
different active regions [14]. Even more striking is the
fact that the distribution of energies of 111 events from
the soft gamma repeater SGR1806−20 follows the same
law, with the same value of the index, γ ≃ 1.66 [15]. This
result has been confirmed for SGR1627−41 [16] and with
much larger statistics from observations, by BATSE and
RXTE, of SGR1900+14 [17], which suddenly became ex-
tremely active between May 1998 and January 1999, after
a long period of sporadic activity [18]. With this large
statistics (about 103 events) one finds γ = 1.66±0.05 over
four orders of magnitudes in energy. A power-law with
the same value of γ has also been obtained in computer
simulations of fractures in a stressed elastic medium [19].
In GW detectors the crucial problem is to distinguish
a candidate GW burst from a myriad of spurious distur-
bances. To drastically reduce the background the out-
put of two detectors are put in coincidence. The num-
ber of accidental coincidences is estimated shifting the
data stream of one detector with respect to the other
and counting the number of coincidences (which now are
all accidental). The procedure is repeated for different
values of the time shift, and one finally computes the
average over, say, 1000 different shifts [1]. The result
is that, in present detectors, there is still a significant
number of accidentals. Triple coincidences could give a
definitive answer but require three sensitive detectors,
with a good common time of operation, and this is chal-
lenging. Then, it is clear that any further handle that
could help us to discriminate between a true GW signal
and spurious events is welcome. For GW bursters, such
a handle could be provided by the comparison of the en-
ergy spectrum of the events with the energy spectrum of
accidental coincidences, which can be measured experi-
mentally using the shifting algorithm mentioned above.
For instance, thermal noises will follow a Boltzmann dis-
tribution with some effective noise temperature Tn, and
therefore at large energies dN/dE ∼ exp{−E/kBTn}.
When looking for a power-law distribution of the
events the main problem will be the poor statistics since,
even in the most optimistic case, we will have a small
number of candidate GW events. In particular, it will
be impossible to compare the experimental distribution
with eq. (2) performing a binning in energy since all bins
would be undersampled. This problem however can be
alleviated considering the number of events with energy
larger than E,
N(> E) =
∫ ∞
E
dE′
dN
dE′
. (3)
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FIG. 1: N(> E) as a function of logE/Emin. The black step-
wise line is the function N(> E) generated by the simulation.
The continuous (red) line is eq. (4) with k = 0.66 (hence
γ = 1.66), while the dotted (blue) line is a fit to eq. (5). Both
curves are normalized so that N(> E) = 15 at E = Emin.
If dN/dE ∼ E−γ , then
N(> E) ∼ E−k , k = γ − 1 . (4)
Instead, if dN/dE ∼ exp{−E/E0}, then also
N(> E) ∼ exp{−E/E0} , (5)
apart from prefactors which will be well beyond the
expected accuracy. The experimental curve N(> E)
changes in steps, decreasing by one unit each time we
reach the energy corresponding to one event. For illustra-
tion, in Fig. 1 we show the result of a simulation in which
we generated 15 events with E ∈ [Emin,∞[ (where Emin
defines our units of energy, and is the detector thresh-
old) distributed according to eq. (2) with γ = 1.66. In
Fig. 1 we plot N(> E) as a function of logE/Emin. The
stepwise line is the function N(> E) generated by the
simulation. The continuous line is eq. (4) with γ = 1.66,
while the dotted line is a fit to eq. (5). This suggests
that, with 15 events, the distinction between a power-like
and an exponential distribution might be possible. On
real data, of course, this will have to be quantified with
standard statistical tests. Observe in particular that the
exponential curve is completely unable to account for the
existence of one event with logE/Emin > 7. To distin-
guish the exponential from the power-law, the crucial role
is of course played by the most energetic events.
The spectrum of accidentals must be measured exper-
imentally and, if it drops exponentially, a strategy to
search for GW bursters is to perform the data analysis
with a very high cut on the energy of the events, since real
signals drop only as a power-law. If the detectors are so
clean that with these cuts the number of total expected
accidentals, computed from the shifting algorithm men-
tioned above, becomes much smaller than one, then even
the presence of a few coincidences could be significant.
When we look for high-energy events we can relax
other cuts. For instance, in the analysis of data from res-
onant bars, presently are taken into consideration only
data stretches where the average effective temperature
of the bar is smaller than a given value, say 6 mK. This
is very reasonable when, as in Ref. [1], we look for events
that depose in the bar more than O(30) mK (which corre-
sponds to a dimensionless GW amplitude h = O(10−18)
for a burst with a duration ∼ 1 ms). However, if we
restrict to events of hundreds of mK, the fact that the
detector temperature was 6 or 10 mK has little impor-
tance, and we can relax this condition. This has the
consequence that the stretches of useful data become
significantly longer. Furthermore, the orientation of the
detector with respect to a source changes with sidereal
time because of the Earth rotation. Low-energy events,
which are close to the detection threshold, can therefore
be easily missed when the detector is not favorably ori-
ented, while high-energy events are efficiently detected
independently of sidereal time.
Waiting time distribution. The statistics of waiting
times (the times between an event and the next) of both
earthquakes and SGRs is very different from that of un-
correlated events. Earthquakes, SGRs and other phe-
nomena related to self-organized criticality have periods
of intense bursting activity, during which the events ar-
rive in bunches or there is a large event followed by show-
ers of smaller events; these intense periods are then fol-
lowed by long, and sometime extremely long, periods of
quiescence. To quantify this property, it is convenient to
introduce the quantity n(< τ ;N), defined as the number
of events with waiting time smaller than τ , when the total
number of events detected is N . Like N(> E) defined in
eq. (3), this is an integrated quantity, in order to circum-
vent the same binning problem discussed for the energy
spectrum. Observe that the waiting time between one
event and the next depends strongly on the resolution
that we have for detecting the events: with a very good
resolution we will find many small events which otherwise
would go undetected, and correspondingly the waiting
times will be shorter. Therefore, when we compare the
waiting time statistics of different phenomena like SGR,
earthquakes or GW bursts, we must always perform the
comparison at a fixed value of the total number N of
events detected, taking the N most energetic events from
each sample. We normalize n(< τ ;N) to the total num-
ber of events N , defining w(τ ;N) = (1/N)n(< τ ;N),
so 0 ≤ w(τ ;N) ≤ 1. We also normalize τ to the total
observation time, so 0 ≤ τ ≤ 1. A remarkable result is
that SGR and earthquakes have the same waiting time
distribution [15]. With the very large statistical sample
from SGR1900+14 mentioned above, it has been shown
that their waiting time distributions are compatible with
log-normal functions [17].
For GW detection, unfortunately, we will rather be in
the opposite limit of very low number of events. There-
fore we now investigate whether the waiting time distri-
bution for SGR1900+14, taking for definiteness only the
9 more energetic events detected in a six months period
40.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
0.2
0.4
0.6
0.8
1
FIG. 2: w(τ ) against τ , for the 9 more energetic events from
SGR1900+14 during a 6 months period in 1998 (black step-
wise curve) and wran(τ ;N) for N = 9 (blue continuous line).
in 1998, when the source was very active, can be distin-
guished from the distribution of uncorrelated events.
The waiting time statistics of uncorrelated events can
easily be computed analytically: the probability distribu-
tion p(τ ;N)dτ for having a waiting time between τ and
τ + dτ when we have a total of N events (normalized so
that
∫ 1
0
dτp(τ ;N) = 1) is a binomial distribution
p(τ ;N) = N(1− τ)N−1 . (6)
We also checked this result numerically generating ran-
dom arrival times. Therefore for randomly distributed
arrival times
wran(τ ;N) =
∫ τ
0
dτ ′p(τ ′;N) = 1− (1− τ)N . (7)
In Fig. 2 we show the experimental distribution for the
9 most energetic events from SGR1900+14 [20], and we
compare it with the function wran(τ ;N) for N = 9. Even
with the uncertainties due the use of such a limited sam-
ple, we see that the curve for random events is not com-
patible with the experimental data. In particular, two
features stand out in the data. First, at very low τ , the
experimental values of w(τ) are much higher that the pre-
diction for random events. For instance the fraction of
events with waiting times smaller than τ ≃ 0.03 (recall
that the total observation time has been normalized to
one, so this means waiting times smaller than 3% of the
total observation time) is over 70% of the total, while in
a random distribution it should be about 20%. Physi-
cally, this reflects the existence of periods of very intense
activity, when the events arrive in bunches. Second, the
experimental curve crosses wran(τ ;N) and then reaches
the value w = 1 at τ = 1 (fixed by normalization) staying
below wran(τ ;N). Physically, this reflects the existence
of long periods of quiescence.
This suggest that, even with a rather limited sample,
the waiting time distribution expected for GW bursters
is so peculiar that it can be distinguished from that due
to random events. A different question is whether acci-
dental coincidences in GW detectors follow the waiting
time distribution of random events. In general, a certain
amount of clustering must be expected because, for vari-
ous reasons, in certain periods the detectors can be more
noisy. However, this is an issue that can be studied ex-
perimentally. The distribution of accidental coincidences
in two detectors, obtained from the shifting algorithm,
can be fully characterized, and its waiting time statistics
can be compared to that expected for uncorrelated events
and for SGRs.
As discussed at length in Ref. [3], for a source emit-
ting repeatedly GW bursts another useful tool is a side-
real time analysis, since the events will be detected with
higher efficiency when the detector is favorably oriented
with respect to this source. This effect will be more im-
portant for low-energy events, i.e. for events close to the
detector threshold, while the number of detected high-
energy events is largely insensitive to the detector ori-
entation. The sidereal time analysis is therefore com-
plementary to the study of the waiting time and energy
distributions discussed in this paper.
Finally, all mechanisms that generate GW bursters are
likely to produce x- or γ-rays and therefore it might be
possible a simultaneous detection of photons and GWs.
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